Introduction
============

Epithelial ovarian cancer (EOC) is the leading cause of gynecological malignancy-associated deaths among women. In 2015, \~52,100 patients were diagnosed with ovarian cancer in China, and \~22,500 succumbed to the disease ([@b1-ijmm-44-06-2245]). Due to the incipient protracted nature of the disease and the lack of effective screening and diagnostic methods, the majority of patients (\>75%) are diagnosed at an advanced stage when metastasis has already occurred ([@b2-ijmm-44-06-2245]). Among patients with advanced disease, the 5-year survival rate is only 29% ([@b3-ijmm-44-06-2245]). EOCs predominantly spread through peritoneal dissemination. Malignant ascites is closely associated with poor patient prognosis, and is the most common symptom of disease recurrence. Therefore, insights into the mechanisms that confer a metastatic advantage to tumor cells in the peritoneal cavity may aid in the development of novel therapeutics to improve the prognosis of patients with ovarian cancer.

Given the critical role of ascites in the metastasis and recurrence of ovarian cancer, peritoneal cytological examination is conducted during EOC surgical staging, where the focus is primarily on the presence or absence of malignant cells ([@b4-ijmm-44-06-2245]). Indeed, the cellular component of ovarian cancer ascites exhibits a high degree of complexity and heterogeneity. In addition to tumor cells, fibroblasts, mesothelial cells, immature myeloid cells and inflammatory cells have been detected in the malignant ascites of patients with EOC. Ascitic cells can present as single cells or multicellular aggregates (MCAs) ([@b5-ijmm-44-06-2245]-[@b8-ijmm-44-06-2245]), and MCA formation is considered to be a possible strategy for EOC cell survival in ascites. Cell-cell binding facilitates cell survival by enhancing pro-survival signals in tumor cells, protecting them from anoikis ([@b5-ijmm-44-06-2245]). Moreover, there is growing evidence that the MCAs in ovarian cancer ascites are highly malignant and resistant to chemotherapy ([@b9-ijmm-44-06-2245]-[@b11-ijmm-44-06-2245]). Therefore, MCAs are considered to be the key contributors to secondary lesion formation in peritoneal organs. However, the mechanisms underlying MCA formation in EOC ascites are poorly understood.

Fibroblasts in the tumor microenvironment, also referred to as cancer-associated fibroblasts (CAFs), account for a number of the malignant properties of the tumors, including uncontrolled cell proliferation, reduced apoptosis, angiogenesis, enhanced invasion and migration, and resistance to therapy ([@b12-ijmm-44-06-2245]-[@b14-ijmm-44-06-2245]). Previously, an abundance of CAFs, characterized by the expression of α-smooth muscle actin (α-SMA) and fibroblast activation protein, were identified in EOC tissues, and were associated with advanced disease stage and metastasis to the lymph nodes and omentum ([@b15-ijmm-44-06-2245]). Moreover, fibroblasts in the omentum were activated in EOC even prior to interaction with tumor cells; omental CAFs contributed to the formation of the pre-metastatic niche, and promoted omental adhesion and implantation of tumor cells ([@b16-ijmm-44-06-2245]). These findings suggest that CAFs play a key role in EOC progression. In addition, CAFs can directly bind to EOC cells through the heterotypic adhesion of E-cadherin (E-cad) and N-cadherin (N-cad), which have been found to drive cancer cell invasion ([@b17-ijmm-44-06-2245]). However, the direct interaction between CAFs and EOC cells suspended in the peritoneal cavity has yet to be elucidated.

The majority of studies on ascitic MCAs have focused on tumor cells alone, while the other cellular components of ascites have rarely been investigated. In the present study, the presence of tumor cell-CAF heterotypic MCAs (MCAs^TC/CAF^) in EOC ascites and the role of CAFs in MCA formation and peritoneal anchoring were investigated. High-grade serous ovarian carcinoma (HGSOC) is the most common and aggressive subtype of EOC, which usually presents at an advanced stage (stage III or IV) and accounts for 70-80% of ovarian cancer-associated mortality. Therefore, ascitic MCAs obtained from HGSOC patients were assessed in terms of morphology, phenotype and the presence of CAFs. In addition, *in vitro* and *in vivo* experiments were performed using primary ascitic tumor cells obtained from patients with HGSOC; the role of CAFs in MCA formation was subsequently evaluated, and the adhesion and mesothelial clearance properties of MCAs^TC/CAF^ with MCAs^TC^ were compared. The aim of the present study was to provide novel insight into the complex peritoneal microenvironment, hoping to improve the treatment of patients with refractory or recurrent EOC.

Materials and methods
=====================

Ascites and omental tissues of patients with HGSOC
--------------------------------------------------

Ascitic and omental specimens were obtained from 13 patients with pathologically confirmed HGSOC who underwent surgery at the Union hospital of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China); 12 of the ascitic specimens were obtained during surgery, and 1 was obtained during abdominal paracentesis for the treatment of malignant ascites. The study protocol was approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology (IORG0003571) and informed consent was obtained from all participants. The patient clinicopathological characteristics are summarized in [Table I](#tI-ijmm-44-06-2245){ref-type="table"}.

Immunohistochemical analysis of cell pellets derived from ascites
-----------------------------------------------------------------

Within 20 min after ascitic sampling, the ascitic cells were enriched using CytoRich (Red Preservative fluid; 491336; BD Biosciences) according to the manufacturer\'s instructions, and were subsequently fixed in 4% paraformal-dehyde for 1 h and embedded in paraffin. Hematoxylin and eosin (H&E) staining and immunohistochemistry assays were performed; serial sections were deparaffinized and incubated with 3% H~2~O~2~ for 15 min. Antigen retrieval was conducted using sodium citrate (pH 6.0), and the specimens were blocked with 5% bovine serum albumin (BSA). The sections were then incubated with primary antibodies overnight at 4°C, and biotinylated-secondary antibodies for 30 min at room temperature. Primary antibodies against E-cad (cat. no. ab76319; 1:500), N-cad (cat. no. ab76011; 1:400), α-SMA (cat. no. ab5694; 1:200), vimentin (cat. no. ab92547; 1:600), fibroblast-specific protein 1 (FSP-1; cat. no. ab197896; 1:250), claudin 4 (cat. no. ab15098; 1:500) and nuclear-associated antigen Ki-67 (cat. no. ab92742, 1:500) were purchased from Abcam. Anti-fibroblast activation protein (FAP; cat. no. AF3715-SP; 1:500) was obtained from R&D, anti-Moc-31 (cat. no. MAB-0280; 1:500) was obtained from Fuzhou Maixin Biotech Co., Ltd., anti-transcription factor paired box 8 (PAX8; cat. no. GR002; 1:200) was purchased from Gene Tech Co., Ltd., anti-calretinin (cat. no. DAK-Calret 1; 1:500) was purchased from Dako (Agilent Technologies, Inc.), and anti-estrogen receptor (ER; pre-diluted) was purchased from Ventana Medical Systems, Inc. The signals were visualized by incubating the sections in freshly prepared 3,3-diaminobenzidin (DAB) solution for 5 min and counterstaining with hematoxylin. PBS substitution for the primary antibody served as the blank control.

Immunofluorescence analysis
---------------------------

Immunofluorescence assays were used to detect the expression of E-cad, N-cad, vimentin and α-SMA in ascitic MCAs. The MCAs were isolated from the ascitic fluid as described by Latifi *et al* ([@b5-ijmm-44-06-2245]). Briefly, the cell pellets were seeded on low-adhesive plates in complete medium, and maintained at 37°C in the presence of 5% CO~2~. MCAs were suspended in the medium as spheroids, while adherent cells were attached to the plate surface. After 24 h, spheroids were pipetted and plated onto sterilized coverslips in 24-well plates (cat. no. 702001; Wuxi NEST Biotechnology Co., Ltd.). After a 1-h incubation at 37°C, the medium was carefully aspirated and the coverslips were washed with PBS. The samples were then fixed in 4% paraformaldehyde for 30 min, followed by permeabilization with ice-cold acetone for 10 min. The cells were then blocked in 10% BSA and incubated with the same primary antibodies as those used for the immunohistochemistry analyses. Secondary Cy3-labeled anti-rabbit IgG (cat. no. 072-01-15-06; KPL, Inc.; 1:1,000) and FITC-labeled anti-rabbit IgG (cat. no. 172-1506, 1:1,000 dilution; KPL, Inc.) were used during the secondary antibody incubation step, and the cells were counterstained with DAPI (1:1,000; Invitrogen; Thermo Fisher Scientific, Inc.).

Primary cell isolation
----------------------

Cells were isolated from the peritoneal fluid using the Percoll (TBDScience) density gradient centrif-ugation technique ([@b18-ijmm-44-06-2245]). Single-cell suspensions were prepared by trypsinization. The cells were incubated with a PE-labeled mouse anti-human epithelial cell adhesion molecule (EpCAM) antibody (cat. no. ab112068; Abcam) and the EpCAM-positive tumor cells were isolated by fluorescence-activated cell sorting with a MoFlo XDP cell sorter (Beckman Coulter, Inc.). Mesothelial cells were isolated from non-metastatic omentum and CAFs were isolated from metastatic omentum samples of HGSOC patients, as previously described ([@b16-ijmm-44-06-2245]). The primary fibroblasts (vimentin-positive and cytokeratin 8-negative) and mesothelial cells (vimentin-positive and cytokeratin 8-positive) were identified using immunocytochemistry. The expression of α-SMA, a marker that distinguishes CAFs from normal fibroblasts, was detected by immunocytochemistry and western blotting. The primary cells were cultured in a humidified 37°C incubator (5% CO~2~) in Dulbecco\'s modified Eagle\'s medium:nutrient mixture F-12 (DMEM/F12) containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin. All primary cells used were at passage 2 or 3.

Western blot analysis
---------------------

Total protein was isolated from CAFs using RIPA buffer (cat. no. P0013C; Beyotime Institute of Biotechnology) and quantified with a bicinchoninic acid protein assay kit as per the manufacturer\'s protocol (Beyotime Institute of Biotechnology). Each sample (30 *µ*g total protein) was separated by SDS-PAGE on a 12% gel, and transferred to a PVDF membrane (Bio-Rad Laboratories, Inc.) that was pre-treated with methanol. The membrane was blocked, rinsed, and subsequently incubated with primary antibodies against α-SMA (1:500; cat. no. ab5694; Abcam) overnight at 4°C. After washing, the blots were incubated with the corresponding secondary antibodies, and the labeled proteins were detected using an enhanced chemiluminescence kit (Bio-Rad Laboratories, Inc.). Finally, the signals were visualized using the Bio-Rad Universal Hood II with β-actin as the loading control.

MCA formation assays
--------------------

The SKOV3 human EOC cell line was purchased from the China Center for Type Culture Collection. A previously generated subline marked with green fluorescent protein (SKOV3-GFP) was also used ([@b19-ijmm-44-06-2245]). For MCA formation, tumor cells (SKOV3 or primary ascitic tumor cells) were seeded into 6-well low-adherence plates (cat. no. 3471; Corning Inc.) at 2×l0^4^ cells per well, either alone or co-cultured with CAFs (tumor cells:CAFs = 8:1). The cells were cultured in serum-free DMEM/F12 (2 ml per well) containing 2% B27 (cat. no. 12587010; Gibco; Thermo Fisher Scientific, Inc.), 20 ng/ml fibroblast growth factor (cat. no. 100-66-500, PeproTech, Inc.), 20 ng/ml epidermal growth factor (cat. no. AF-100-15-100; PeproTech, Inc.), 10 ng/ml leukemia inhibitory factor (cat. no. 300-05-100; PeproTech, Inc.) and 1% insulin-transferrin-selenium (cat. no. 1933661; Gibco; Thermo Fisher Scientific, Inc.). The MCAs were observed under an inverted microscope (IX73; Olympus Corporation) once daily for 5 days. Images were acquired at a magnification of ×100 and five regions were randomly selected for quantitative evaluation of MCA (three-dimensional cell clusters with a diameter of \>50 *µ*m) count and size. All assays were performed in triplicate.

MCA hanging drop formation
--------------------------

Tumor cells (SKOV3 and primary ascitic tumor cells from 2 patients) and CAFs were labeled green with PKH67 (Sigma-Aldrich; Merck KGaA) and red with FM4-64 (Thermo Fisher Scientific, Inc.). The tumor cells were suspended in fresh medium at 5×10^3^ cells/ml, with or without CAFs (tumor cells/CAFs = 8:1) to generate MCAs^TC/CAF^ or MCAs^TC^. Droplets (20 *µ*l, 100 tumor cells per droplet) were seeded onto the inner surface of the lid of a tissue culture dish (100 mm diameter; cat. no. 704001; Wuxi NEST Biotechnology Co., Ltd.), and PBS was added to cover the bottom of the dish. The lid was gently inverted atop the dish without mixing the droplets, and cultured at 37°C for 48 h. The generated MCAs were identified by microscopic examination (IX73; Olympus Corporation). This method was performed as described by Klymenko *et al* ([@b20-ijmm-44-06-2245]).

In vitro adhesion assays
------------------------

Rat tail collagen type I (100 *µ*l, 1.5 mg/ml; BD Biosciences) was placed into 96-well plates (701001, NEST) and incubated at 37°C for 30 min until gel polymerization. The MCAs^TC^ and MCAs^TC/CAF^ generated by hanging drop formation were seeded onto the collagen layer at a density of 100 MCAs/well and allowed to adhere for 30 min. The total initial fluorescence of each well was determined using a microplate reader (excitation, 490 nm; emission, 520 nm; SpectraMax i3x, Molecular Devices, LLC). Following incubation at 37°C for 30 min, the MCAs were washed three times with PBS and the fluorescence of the adherent cells was measured again. The adhesion ratio was calculated as fluorescence^adhesion^/fluorescence^initial^, and all assays were performed in triplicate.

Mesothelial clearance assays
----------------------------

FM4-64-labeled mesothelial cells were cultured in rat tail collagen type I-coated (1.5 mg/ml) 6-well plates to 100% confluence to mimic the mesothelial monolayer covering the peritoneum. MCAs^TC^ and MCAs^TC/CAF^ of SKOV3-GFP cells were applied to the mesothelial cell layer. Following incubation at 37°C for 7 days, the disaggregation and dispersal of MCAs and the mesothelial clearance area were monitored using a fluorescence microscope (IX73, Olympus Corporation) once daily for 7 days. The mesothelial clearance area was quantified using ImageJ software, version 1.48 (National Institutes of Health). The assays were performed in triplicate.

In vivo adhesion assays
-----------------------

The following animal experiments were approved by the Institutional Animal Care and Use Committee at Tongji Medical College. Female BALB/c nude mice were purchased from Beijing HFK Bioscience Co., Ltd., and housed in a standard pathogen-free environment. To detect the adhesion ability of MCAs *in vivo*, the MCAs^TC^ and MCAs^TC/CAF^ generated in hanging drops were injected into the peritoneal cavities of the mice (n=3/group, 500 MCAs per mouse). The animals were anesthetized using 2.5% isoflurane for 5 min and then euthanized by cervical dislocation 4 h after injection, and the mesentery, parietal peritoneum and omentum were removed. After washing the tissues with PBS to remove unattached tumor cells, the tissues were observed under a fluorescence microscope and the fluorescence intensity was analyzed using ImageJ software, version 1.48.

Statistical analysis
--------------------

All numerical data are presented as mean ± standard deviation. The differences between the MCAs^TC^ and MCAs^TC/CAF^ groups were analyzed by Student\'s t-test using GraphPad Prism 5 (GraphPad Software, Inc.), and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Heterogeneous MCAs in malignant ascites
---------------------------------------

MCAs, were defined as three-dimensional cell clusters (spheroids) with a diameter \>50 *µ*m at the widest point. MCAs were detected in all ascitic patient samples, varying in shape and size between patients, as well as between MCAs within individual patients ([Fig. 1A](#f1-ijmm-44-06-2245){ref-type="fig"}). H&E staining revealed the more complex structure of MCAs that presented as spheroids or irregularly shaped cell clusters, with varying sizes and levels of compaction ([Fig. 1B](#f1-ijmm-44-06-2245){ref-type="fig"}). Notably, some spherical aggregates displayed a monolayer of polarized cells at their surface, and a core of disorganized cells ([Fig. 1B](#f1-ijmm-44-06-2245){ref-type="fig"}).

Next, the expression of the epithelial marker E-cad and the mesothelial markers N-cad and vimentin was analyzed in ascitic cells using immunohistochemistry; two expression patterns were identified in the MCAs: The majority of the MCAs exhibited high levels of E-cad expression, and were N-cad- and vimentin-negative, while few MCAs expressed N-cad and vimentin with low levels of E-cad. The E-cad^high^/ N-cad^negative^ MCAs were more compact compared with those composed of E-cad^low^/N-cad^positive^ cells ([Fig. 1C](#f1-ijmm-44-06-2245){ref-type="fig"}). Moreover, the phenotypic heterogeneity of ascitic MCAs was confirmed by E-cad, N-cad and vimentin detection ([Fig. 1D](#f1-ijmm-44-06-2245){ref-type="fig"}).

Presence of tumor cell-fibroblast heterotopic MCAs in malignant ascites
-----------------------------------------------------------------------

To identify the MCAs harboring CAFs, ascitic cell sediments were analyzed using immunohistochemistry for the CAF-specific marker α-SMA. Although most MCAs were α-SMA-negative, MCAs containing α-SMA-positive cells (MCAs^TC/CAF^) were detected in all patients with HGSOC ([Fig. 2A](#f2-ijmm-44-06-2245){ref-type="fig"}). However, the MCAs^TC/CAF^ did not differ morphologically from the MCAs without CAFs, as they both varied in size, shape and compaction level. In these solid spherical aggregates, the unorganized central cells were primarily α-SMA-positive ([Fig. 2A](#f2-ijmm-44-06-2245){ref-type="fig"}). The presence of CAFs in the ascitic MCAs was further confirmed by immunofluorescence detection of α-SMA ([Fig. 2B](#f2-ijmm-44-06-2245){ref-type="fig"}), and by the positive expression of FSP-1 and FAP ([Fig. S1](#SD1-ijmm-44-06-2245){ref-type="supplementary-material"}). Moreover, the majority of the cells within the MCAs were positive for Moc-31 (epithelial tumor marker), PAX8 (ovarian cancer marker) and Ki-67 expression, and negative for expression of mesothelial markers, including claudin 4, calretinin and ER ([Fig. S2](#SD1-ijmm-44-06-2245){ref-type="supplementary-material"}), suggesting that MCAs were predominantly composed of tumor cells.

CAFs promote MCA formation
--------------------------

To elucidate the role of CAFs in MCA formation in malignant ascites, MCA formation assays were performed with tumor cells alone or with tumor cells and CAFs. In addition to SKOV3 cells, primary tumor cells obtained from the ascitic fluid of HGSOC patients were used ([Fig. 3A](#f3-ijmm-44-06-2245){ref-type="fig"}). The primary CAFs isolated from the metastatic omentum of HGSOC patients were identified by their typical spindled shape, parallel arrangement, positive expression of vimentin and α-SMA, and the absence of cytokeratin 8 expression ([Fig. 3B](#f3-ijmm-44-06-2245){ref-type="fig"}). Western blot analysis was used to confirm α-SMA expression in the CAFs of the first three generations ([Fig. 3C](#f3-ijmm-44-06-2245){ref-type="fig"}). After culture in suspension for 5 days, the MCAs in the tumor cell-CAF group (with 1/8 of CAFs) were significantly larger and more numerous compared with the tumor cell MCAs ([Fig. 3D-F](#f3-ijmm-44-06-2245){ref-type="fig"}). Moreover, CAFs and SKOV3 cells were combined at ratios of 1:8, 1:5 and 1:1 with a fixed number of SKOV3 cells, and cultured for 5 days. The number and size of the MCAs was found to increase with an increasing proportion of CAFs from 0 to 1:8 and 1:5 ([Fig. S3](#SD1-ijmm-44-06-2245){ref-type="supplementary-material"}). These findings highlight the role of CAFs in MCA formation.

To observe the interaction between CAFs and tumor cells during MCA formation, CAFs pre-stained with FM464 and SKOV3-GFP were cultured in suspension. The CAFs were linked by filopodia and assembled in a dynamic scaffolding that rescued the tumor cells. At 4 h post-seeding, a number of tumor cells were attached to the CAFs, forming small MCAs that aggregated into larger MCAs through the CAF scaffolding. At 3 days post-seeding, MCA compaction was observable ([Fig. 3G](#f3-ijmm-44-06-2245){ref-type="fig"}). These findings suggest that CAFs promote the aggregation and compaction of tumor cells through intercellular adhesion and pulling.

MCAsTC/CAF are more invasive compared with MCAsTC
-------------------------------------------------

To investigate the role of MCAs^TC/CAF^ in the peritoneal metastasis of EOC, *ex vivo* MCAs^TC/CAF^ were generated in hanging drops using primary fibroblast and SKOV3 cells, or primary tumor cells that had been stained with FM4-64 and PKH67, respectively. MCAs containing only tumor cells (MCAs^TC^) served as the control ([Fig. 4A](#f4-ijmm-44-06-2245){ref-type="fig"}). The presence of CAFs in the MCAs^TC/CAF^ was confirmed by fluorescence analysis ([Fig. 4B](#f4-ijmm-44-06-2245){ref-type="fig"}).

The peritoneum is lined by a mesothelial monolayer, and tumor cell adhesion to the mesothelial cells (and subsequent mesothelial clearance) has been proposed as the first step in peritoneal lesion formation ([@b21-ijmm-44-06-2245]-[@b23-ijmm-44-06-2245]). To compare the meso-thelial-cell clearance capacity of MCAs^TC/CAF^ and MCAs^TC^, primary mesothelial cells were isolated from human omentum tissues, which were characterized by a cobblestone appearance and positive expression of cytokeratin 8 and vimentin ([Fig. 4C](#f4-ijmm-44-06-2245){ref-type="fig"}). The MCAs generated in hanging drops were seeded on completely confluent mesothelial cells and the area of mesothelial clearance was evaluated ([Fig. 4D](#f4-ijmm-44-06-2245){ref-type="fig"}). The tumor cells in the MCAs^TC/CAF^ group proliferated more rapidly and facilitated a significantly enhanced mesothelial clearance compared with the MCAs^TC^ group ([Fig. 4E and F](#f4-ijmm-44-06-2245){ref-type="fig"}).

To determine whether CAFs promote tumor-cell anchorage to the sub-mesothelial connective tissue matrix, *in vitro* adhesion assays were performed, revealing that the MCAs^TC/CAF^ exhibited enhanced adhesion to collagen ([Fig. 4G](#f4-ijmm-44-06-2245){ref-type="fig"}). Moreover, *in vivo* adhesion assays ([Fig. 4H](#f4-ijmm-44-06-2245){ref-type="fig"}) revealed that significantly more tumor cells attached to the mesentery, parietal peritoneum and omentum in the MCAs^TC/CAF^ group compared with the MCAs^TC^ group ([Fig. 4I and J](#f4-ijmm-44-06-2245){ref-type="fig"}).

Discussion
==========

The majority of solid tumors disseminate via the hematological or lymphovascular system, of which the underlying mechanisms have been widely investigated; however, peritoneal dissemination occurs primarily in patients with ovarian cancer and gastrointestinal neoplasms, and the factors regulating peritoneal metastasis remain to be fully elucidated. To the best of our knowledge, the present study is the first to provide clinical evidence of the presence of ascitic MCAs^TC/CAF^ in patients with HGSOC. CAFs were found to serve as a scaffolding to aggregate free-floating ovarian cancer cells, forming heterotypic MCAs with enhanced peritoneal adhesion and invasion properties. These findings highlight the role of ascitic CAFs in the peritoneal dissemination of HGSOC.

Furthermore, MCAs were found to be present in the peritoneal fluid of all recruited HGSOC patients. Thus, it was proposed that cell-cell adhesion molecules, particularly E-cad and N-cad, are required for spheroid formation in ascites ([@b24-ijmm-44-06-2245],[@b25-ijmm-44-06-2245]). The cells in the MCAs were predominantly E-cad-positive, and had a polarized epithelial phenotype. Moreover, the MCAs of E-cad^high^/N-cad^negative^ cells were more compact compared with those of E-cad^low^/N-cad^positive^ cells. In the initial phases of hematogenous metastasis of solid tumors, tumor cells usually undergo epithelial-to-mesenchymal transition (EMT), during which epithelial cells lose their polarity and cell-cell adhesive properties to acquire the migratory and invasive mesenchymal phenotype accompanied by decreased expression of E-cad, and increased expression of N-cad and vimentin ([@b26-ijmm-44-06-2245]). However, due to the unique transcoelomic route of ovarian cancer, by which tumor cells are released directly into the peritoneal cavity, EMT is not considered a prerequisite for EOC metastasis ([@b8-ijmm-44-06-2245],[@b26-ijmm-44-06-2245]). Thus, the high E-cad expression in ascitic tumor cells was not unexpected. Moreover, a small number of E-cad^high^/N-cad^negative^ MCAs were identified. Previous studies have demonstrated that \~30% of human ovarian tumors exhibit simultaneous positive immunoreactivity for both E-cad and N-cad ([@b20-ijmm-44-06-2245],[@b26-ijmm-44-06-2245]). Homophilic E-cad/E-cad bonds have been found to be stronger compared with homophilic N-cad bonds ([@b27-ijmm-44-06-2245]), which partly explains the different compaction levels observed between MCAs with different cadherin expression patterns in the present study. However, a recent study reported that N-cad-positive ovarian cancer cells formed stable, highly cohesive solid spheroids, whereas E-cad-positive cells generated loosely adhesive cell clusters *in vitro* ([@b28-ijmm-44-06-2245]), which is not in line with the observations of the present study. This discrepancy suggests that, besides cadherin expression in tumor cells, additional mechanisms may be involved in ascitic MCA formation.

Non-cancerous cells within the ascitic fluid of patients with ovarian cancer include inflammatory cells, fibroblasts, immature myeloid cells and mesothelial cells ([@b29-ijmm-44-06-2245]). The involvement of these cells in ascitic tumor-cell MCAs has not been extensively investigated. Burleson *et al* ([@b30-ijmm-44-06-2245]) observed mesothelial and inflammatory cell incorporation, along with tumor cells, into MCAs in malignant ascites; mesothelial cells can facilitate cancer stem-like properties in spheroids of ovarian cancer cells, and promote their peritoneal dissemination ([@b31-ijmm-44-06-2245]). In the present study, MCAs harboring CAFs and tumor cells were detected in the ascites of patients with HGSOC, and CAFs were able to recruit tumor cells and promote MCA formation. However, CAFs were only present in a small fraction of the ascitic MCAs, which may be due to the limited number of CAFs, as they predominantly appeared in MCAs, while single CAFs were rare. Labernadie *et al* ([@b17-ijmm-44-06-2245]) demonstrated that the heterotypic adhesion of CAFs and cancer cells may be mediated by N-cad at the CAF membrane and E-cad at the cancer cell membrane. Indeed, heterophilic N-cad/E-cad junctions have been demonstrated to exhibit higher binding affinity compared with homophilic E-cad/E-cad junctions ([@b32-ijmm-44-06-2245]), which may be the molecular basis of tumor cell-CAF heterotypic adhesion.

CAFs have been proposed to display cancer cell properties in multiple ways, including the secretion of growth factors and chemokines, contact-mediated signaling and direct mechanical interactions ([@b17-ijmm-44-06-2245],[@b33-ijmm-44-06-2245],[@b34-ijmm-44-06-2245]). The present study revealed that tumor cell MCAs containing CAFs exhibited enhanced mesothelial clearance and peritoneal adhesion abilities compared with those without CAFs, indicating the supportive role of CAFs in HGSOC peritoneal dissemination mediated by MCAs; however, the underlying mechanisms remain elusive. Davidowitz *et al* ([@b35-ijmm-44-06-2245]) discovered that tumor cells expressing mesenchymal markers exhibited enhanced mesothelial clearance ability. The interaction between tumor cells and the sub-mesothelial matrix also depends on the expression of cell surface adhesion molecules, such as integrins ([@b36-ijmm-44-06-2245]). Thus, to elucidate the mechanisms by which CAFs promote MCA peritoneal metastasis, further investigations should focus on the effects of incorporated CAFs on the expression of adhesion molecules in tumor cells.

The results of the present study suggest that CAFs in the ascitic fluid of HGSOC patients facilitate tumor cell aggregation and enhance the mesothelial clearance and peritoneal adhesion abilities of tumor cells in MCAs. These findings may provide new insight into the complex peritoneal microenvironment, where CAFs contribute to carcinomatosis by forming heterotypic aggregates with tumor cells. This suggests that the cell-cell interactions between tumor cells and CAFs may be a potential target for the treatment of ovarian cancer ([@b20-ijmm-44-06-2245]).
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![MCA morphology in ascites. (A) Phase-contrast image and (B) hematoxylin and eosin staining of primary MCAs in ascites obtained from patients with high-grade serous ovarian cancer. Scale bars, 50 *µ*m. (C) Representative images of immunohistochemical detection of E-cadherin, N-cadherin and vimentin expression in individual ascitic MCAs. Scale bars, 50 *µ*m. (D) Representative images of immunofluorescence assays for E-cadherin (red), N-cadherin (green) and vimentin (green) expression in ascitic MCAs. Cell nuclei were labeled with DAPI (blue). In individual patients, the MCAs have mixed expression patterns of E-cadherin, N-cadherin and vimentin. Scale bar, 20 *µ*m. MCA, multicellular aggregate.](IJMM-44-06-2245-g00){#f1-ijmm-44-06-2245}

![Presence of CAFs in ascitic MCAs. (A) Representative images of immunohistochemistry staining for α-SMA expression in ascitic MCAs. α-SMA-positive MCAs were found in all 12 patients studied. Scale bars, 50 *µ*m. (B) Representative images of immunofluorescence assays for α-SMA (red) in MCAs. Cell nuclei were labeled with DAPI (blue). In individual patients, both α-SMA-positive and α-SMA-negative MCAs were observed. Scale bar, 20 *µ*m. CAFs, cancer-associated fibroblasts; MCAs, multicellular aggregates; α-SMA, α-smooth muscle actin.](IJMM-44-06-2245-g01){#f2-ijmm-44-06-2245}

![CAFs promote MCA formation. (A) EpCAM^+^ tumor cells were isolated from the ascitic fluid by flow cytometric cell sorting. (B) Identification of primary CAFs isolated from omentum with metastasis; spindle-shaped, vimentin-positive, cytokeratin 8-negative and α-SMA-positive characterization. Scale bars, 50 *µ*m. (C) Western blot analysis of α-SMA expression in primary CAFs; passage 1-3. (D) Representative images of MCA formation assays. SKOV3 and primary tumor cells isolated from patient \#6 were cultured alone or co-cultured with CAFs in suspension. Scale bars, 100 *µ*m. (E) Histograms show the MCA counts from the MCA formation assays. (F) Histograms show MCA size in the MCA formation assays. ^\*^P\<0.05 and ^\*\*^P\<0.01. (G) The dynamic process of tumor cell-CAF MCA formation. CAFs and SKOV3 cells were labeled with FM4-64 (red) and GFP (green), respectively. Black arrows indicate the filopodia of CAFs. Scale bars, 50 *µ*m. CAFs, cancer-associated fibroblasts; MCA, multicellular aggregate; α-SMA, α-smooth muscle actin.](IJMM-44-06-2245-g02){#f3-ijmm-44-06-2245}

![MCAs^TC/CAF^ have a higher invasive capacity than MCAs^TC^. (A) Schematic diagram of MCA formation in hanging drops. (B) MCAs^TC/CAF^ and MCAs^TC^ morphology by fluorescence microscope. CAFs and SKOV3 cells were labeled with FM4-64 (red) and GFP (green), respectively. Scale bar, 50 *µ*m. (C) Identification of primary mesothelial cells. Mesothelial cells are cytokeratin 8- and vimentin-positive. Scale bars, 50 *µ*m. (D) Schematic diagram of mesothelial clearance assays. (E) Representative images of mesothelial clearance assays with SKOV3 MCAs^TC/CAF^ and MCAs^TC^ at 0, 2, 4 and 7 days. Mesothelial cells and SKOV3 cells were labeled with FM4-64 (red) and GFP (green), respectively. (F) Histograms show that SKOV3 MCAs^TC/CAF^ have a stronger mesothelial clearance ability than SKOV3 MCAs^TC^. (G) *In vitro* adhesion assays. Histograms show that MCAs^TC/CAF^ have a stronger collagen adhesion capacity than MCAs^TC^. (H) Schematic diagram of adhesion assays *in vivo*. MCAs were intraperitoneally injected into mice (N=3/group). After 4 h, the mice were sacrificed and the tumor cells bound to the peritoneum were evaluated under a microscope. (I) Representative images of adhesion assays *in vivo*. Tumor cell attachment to the mesentery, parietal peritoneum and omentum. (J) Histograms show the differences in tumor cell florescence intensity in the mesentery, parietal peritoneum, and omentum between groups. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001. MCA, multicellular aggregate; CAFs, cancer-associated fibroblasts; TC, tumor cell; GFP, green fluorescent protein.](IJMM-44-06-2245-g03){#f4-ijmm-44-06-2245}

###### 

Clinicopathological characteristics of the HGSOC patients studied.

  Patient no   FIGO stage   Age, years   Prior treatment                                     Peritoneal metastasis   LNM        Experimental methods used                                               
  ------------ ------------ ------------ --------------------------------------------------- ----------------------- ---------- --------------------------- ---------- ---------- ---------- ---------- -----------
  1            IIIC         25           None                                                Positive                Positive   Positive                    Positive   Positive   Negative   Positive   IHC
  2            IIA          63           None                                                Negative                Negative   Negative                    Negative   Negative   Negative   Negative   IHC
  3            IIIC         49           Cytoreductive surgery followed by TP for 2 cycles   Negative                Positive   Positive                    Positive   Positive   Positive   NA         IHC
  4            IIIC         65           None                                                Positive                Positive   NA                          Positive   Positive   Positive   Negative   IHC
  5            IIIB         45           None                                                Positive                Positive   NA                          Positive   Positive   Negative   Negative   IHC, IF
  6            IIIC         66           None                                                Negative                Positive   Negative                    Positive   Positive   Negative   Negative   IHC, IF
  7            IIIC         55           None                                                NA                      Positive   NA                          Positive   Positive   Negative   NA         IHC
  8            IIIC         49           None                                                Positive                Positive   Positive                    Positive   Positive   Negative   Positive   IHC, IF
  9            IIIC         67           None                                                NA                      Positive   Positive                    Positive   Positive   Negative   NA         IHC, mice
  10           IIIC         52           None                                                Positive                Negative   Negative                    Positive   Positive   Negative   Negative   IHC, mice
  11           IIIC         54           None                                                Positive                Positive   NA                          Positive   Positive   Positive   NA         IHC
  12           IIIC         55           None                                                Positive                Positive   Negative                    Positive   Positive   Positive   NA         IHC
  13           IV           58           TP for 6 cycles                                     Positive                Positive   Positive                    Positive   Positive   Negative   NA         Mice

HGSOC, high-grade serous ovarian cancer; FIGO, International Federation of Gynecology and Obstetrics; TP, taxol and platinum chemotherapy; NA, not available; LNM, lymph node metastasis; IHC, immunohistochemistry; IF, immunofluorescence.
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